Most investigators are agreed that frequent arterial anastomoses of relatively large size may be demonstrated in the coronary circulation in the presence of obliterative coronary artery disease.
FIG. 1.-To the right of the illustration the right coronary artery shows occlusion by thrombosis of six months' duration. Before occlusion the artery was diseased but not obstructed. The pressure gradient created by occlusion has favoured flow from the left circumflex coronary artery through anastomoses and so provoked their enlargement. Enlarged anastomoses can be seen in the atrial circulation and can also be traced in the deeper layers of the left ventricle immediately below. The identification of the ventricular anastomoses is only reliably accomplished in stereo. Note that enlargement has taken place in vessels lying outside the area of ischlemia but carrying theaugmented blood flow.
A radio-opaque injection medium (bismuth-oxychloride-gelatin) was introduced into both coronary arteries under controlled pressure, and differential pressure gradients were employed during the course of the injection. The standard maximum pressure used was 150 mm. Hg. Stereoradiography was employed throughout, for the intact heart and for all portions yielded by partial dissection. The method of preliminary dissection of the heart was specially devised for the display of changes in the coronary vessels. The universal use of stereoscopy and transventricular sections contributed to the recognition of changes in the deeper layers of the ventricles, which was a notable feature of this investigation. Note: 'Enlargement' records an impression, not a measurement. With experience in following the graduaPt tapering of normal coronary arteries down to the finest twigs, it was possible to recognize lumen dimensions that exceeded the normal for that site. Similar vessels not involved in collateral blood flow were often available for comparison in the same heart.
1. Arteriographic Evidence in the Present Investigation. Description of anastomoses in the normal heart has already been given (Fulton, 1963a, b) . No anastomotic developments in coronary artery disease were found to which there was no counterpart of smaller scale in the same region of a normal heart. Every gradation of change was observed from relatively slight departure from the normal anastomotic pattern to gross distortion of the coronary circulation with the formation of a network of wide intercommunicating channels. After careful reflection on the detailed arteriographic findings in the small vessels, in widely diverse individual cases, it was possible to recognize that essentially the same process was at work in all. Wherever obstruction to a coronary artery had introduced conditions favouring differential blood flow for a considerable time, adaptive enlargement of the small vessels of the heart was found. This was the common factor. The final arteriographic picture also reflected the original anatomy, the site, severity, and sequence of coronary artery occlusions and myocardial damage, and accordingly showed a great variety of configurations.
A typical example is illustrated in Fig. 1 (One of them can in fact be traced in this illustration-but only in three dimensions can one be certain that apparent continuity is not due to the overlapping of vessels.)
Careful consideration of the entire circulatory picture of this case, together with examination of the myocardium for ischemic changes, permits the statement that ischmmia resulting from right coronary occlusion must have been greatest to the right of the midline in this illustration. Yet it is at the junctional zone and well into the territory of the unobstructed left coronary artery that the changes in the small vessels are most pronounced. This illustrates the important finding that enlargement of collateral vessels is not confined to the area of ischaemia but is found also in the branches that carry the relief blood supply from an artery that is fully patent. The significance of this point will be elaborated later (see Table I ).
In order that a similar state of affairs may be appreciated in two dimensions, a transverse section through the ventricles is used, in Fig. 2 . This shows enlargement of the subendocardial plexus in the posterior wall of the left ventricle, bordering an area of ischlumia, which arose in similar fashion to the last example from right coronary artery occlusion. Branches of the left circumflex coronary artery, which was unobstructed, lie on the right-hand side of the illustration. Nevertheless in this territory with good blood supply some dilatation of the subendocardial plexus can be discerned. Fig. 3 shows the arteriographic appearance of the transverse section of a healthy coronary circulation for comparison.
Even where only one coronary artery was occluded, it seemed that dilatation of the vessels of the subendocardial network increased in the course of time and became more diffuse as is shown in Fig. 4 . Finally, as illustrated in Fig. 5 , in the presence of widespread coronary artery obstruction of long standing, the vessels in the entire inner zone of the left ventricle may be converted into a network of wide intercommunicating channels (Fulton, 1956 ).
It was clear on anatomical grounds that augmentation of anastomotic blood flow was often accompanied by increase in diameter of collateral channels of the order of 5 or 10, and sometimes 20, times that found normally at equivalent sites (Fulton, 1964a) . Increases of such orders call for stretching and growth of tissues and it is evident that a long time is required. 2. The Experimental Evidence. The experimental evidence on the effects of coronary artery occlusion on the collateral circulation of the heart has been reviewed by Gregg (1950) (Gregg, 1950 Fig. 4 , Fulton (1956) , is taken from the same heart at mid-ventricular level. Fig. 5 of Fulton (1963c) shows a similar situation. (Blumgart et al., 1950) , and this protected the heart from the effects of complete occlusion. Sewell (1961) (Eckenhoff et al., 1947; Green and Wegria, 1942; Gregg and Green, 1940; Gregg, 1950 In this connexion we note that enlargement of anastomoses has been observed in anmmia (Zoll, Wessler, and Schlesinger, 1951b; Eckstein, 1955) . It is speculative, however, whether this is attributable directly to anoxia or indirectly to the increased cardiac action and coronary blood flow that accompanies anmmia. Likewise, anastomotic enlargement was found in the presence of cardiac hypertrophy due to valvular disease (Fulton, 1960) in which passive ischcmic and dynamic factors are both operative. In none of these conditions (aortic valvular disease excepted, in which special conditions of coronary blood flow obtain) was the degree of collateral enlargement comparable with that found in coronary artery disease.
Moreover, the influence of anoxia must surely be restricted to the area of ischemia. Passive ischmic factors cannot account for enlargement of vessels in neighbouring territories with good arterial blood supply. Thus it was evident that anoxia cannot be the only factor operative in the presence of coronary artery obstruction-nor indeed the most important. Altered conditions of blood flow consequent on coronary artery obstruction appeared to be the only common factor and the most powerful agency in the promotion of anastomotic enlargement.
DYNAMIc EFFECTS OF CORONARY ARTERY OCCLUSION ON ARTERIAL ANASTOMOSES
In 1669 Richard Lower (cited by Blumgart et al., 1950) wrote . ... when the lumen of some artery has been too long obstructed or ligated, the blood busies itself in opening a wider channel for its passage in this vessel, must drive and buffet all the more into the next ones, until it has considerably dilated them to give itself room."
When a coronary artery is ligated experimentally, there is an immediate fall in the pressure distal to the obstruction. In time this pressure rises nearly to the level obtaining in the unobstructed artery. The rise in pressure, however, lags behind the augmentation of retrograde collateral blood flow (Gregg, 1950) . There are no grounds for supposing that the hlmodynamic sequel to coronary artery occlusion in man differs in any material respect.
Distal to naturally occurring coronary artery occlusion, therefore, one may expect a fall in the resistance that normally opposes anastomotic flow from neighbouring arterial territories. The abnormal pressure gradient will favour blood flow through collateral channels towards the ischoemic area. Doubtless at first its volume must be small.
Where conditions favouring collateral flow had been operating for a considerable time, I have found varying degrees of enlargement of all vessels carrying the abnormal blood flow (Fulton, 1964a ). This has also been noted by many workers, including Mautz and Beck (1937) , in the experimental field, and by Wiggers (1950) . Although many of the enlarged anastomotic vessels did in fact lie within the area of ischemia, the point which I wish again to stress is that enlargement occurred characteristically also in the neighbouring non-ischvmic areas. Clearly only dynamic influences could be operative in these areas.
Further, enlargement involved not only the communicating vessels themselves but also nearby stretches of the arterial branches feeding them (see Table I ). In extreme cases it was evident that even the main stem itself had shared in the increase in lumen dimensions. Conversely, anastomoses and other small vessels were not noticeably enlarged in areas anatomically remote from the territory of an obstructed artery and where they did not contribute to the relief blood supply.
The probable course taken by the blood in life through abnormal routes could be reconstructed from examination of the stereo-arteriograms. Close examination of the changes that had taken place in the coronary circulation, in conjunction with the time relations of occlusions (so far as could be determined indirectly from clinical records and related myocardial damage), gave support to the concept that augmented blood flow, itself conditioned by abnormal pressure gradients, exerted a dynamic stimulus to the enlargement of anastomoses. Where only one major artery was obstructed and the others relatively unaffected, it was easy to visualize the direction of collateral blood flow and its influence in promoting enlargement of anastomotic channels. Anitschkow (1960) has stated that this is the setting in which the largest interarterial coronary anastomoses are observed and that collateral development is poorer where all three coronary arteries are severely stenosed. It will be apparent that my own findings do not entirely support this contention, but reveal a situation that is more complex, and at the same time less readily susceptible to explanation in terms of hlmodynamic stimulus to arterial enlargement.
For the most part in the present investigation superficial anastomoses contributed to the collateral supply only at the margins of the ischimic area. (Distribution of blood might then follow the normal channels preserved distal to obstruction.) Deeply-placed anastomoses on the other hand were evidently responsible not only for bringing relief blood supply but also to a large extent for its distribution within the ischemic area through abnormal pathways.
The part played by the subendocardial plexus was brought into prominence in this investigation. In extremes of dilatation of the deep vessels, as illustrated in Fig. 5 and described in detail (Fulton, 1956) , there were some features that were not at first readily reconciled to the concept of dynamically determined anastomotic enlargement, as set out above.
In the cases referred to there was severe and widespread obliteration of the main coronary arteries and the total inflow of blood to the heart must have been greatly reduced. The persistence and severity of anginal symptoms during life was additional evidence of severely restricted total coronary blood flow. Nevertheless it was in these circumstances that enlargement of the deep anastomoses was found in the greatest degree. These vascular adjustments in its deeper layers had effected an even distribution of blood to the left ventricle but were powerless to augment its total volume. It seemed indeed that any useful level of compensatory change had been exceeded. Moreover an answer seemed to be demanded to the question, if blood flow was so severely restricted why then did the arterial structures not regress in size? The validity of the dynamic concept of coronary anastomotic enlargement was challenged. The problem will now be considered more closely.
INTERPRETATION OF THE PARADOXICAL CHANGES IN THE SUBENDOCARDIAL
PLEXUS OF THE LEFT VENTRICLE It is a matter of common observation that the calibre of a developmentally normal artery and its branches bears some direct relation to the dimensions of the vascular bed supplied by it. Thus the diameter of an artery appears to reflect the volume of blood that it has been accustomed to carry during life. Examples may readily be seen in the course of arteriography of the heart, as in this investigation, or of other organs. Velocity of blood flow was regarded as the factor governing the development of collateral arteries by Longland (1953) , who cites the observations of Nothnagel (1889), Hughes (1935 Hughes ( , 1937 , and Holman (1949) that bear directly on this point. Further, careful consideration of structural changes in the dimensions of blood vessels examined after death invites one to form tentative conclusions on the probable conditions of blood flow in them during life. At sites where measurement of blood flow is not feasible, such conclusions must remain speculative.
Nevertheless a search for correlation between structure and function is more likely to travel in the direction of biological truth than is an argument founded on denial of their association. Again, in certain areas, as for instance in the deeper layers of the left ventricle, no evidence is available on this problem that is more direct in nature or more valid.
The intimate hlmodynamics of the deep vessels of the heart is not fully understood. Their situation has so far rendered them inaccessible to direct experimental observation in the beating heart. In these circumstances it seems justifiable to attempt to derive from their anatomical structure and situation, in conjunction with knowledge of other features of the heart's action, a concept of their probable function during the different phases of the cardiac cycle.
In the concept that will be developed, the evidence provided by the experiments on intramural pressures during cardiac contraction by Johnson and Di Palma (1939) and on arterial pulsation distal to occlusion by Wiggers (1950) has been correlated with the detailed picture of the deep myocardial vessels that has been provided by this investigation. The argument will be more readily followed if the vessels composing the subendocardial plexus are taken to be grossly dilated as in severe coronary artery disease (Fig. 3, 4, 5) , although what is to be said would apply equally to the deeper vessels in their normal condition, on a much smaller scale. It may be helpful to refer to the schematic drawing of the subendocardial plexus and its connexions with the epicardial arteries that appears in a previous communication (Fulton, 1963a, Fig. 4) .
In order to explain more clearly what I believe may take place, I propose to regard the relatively wide-bore vessels of the subendocardial plexus, when taken together, as forming a sort of complex reservoir which is in direct communication with the epicardial vessels through a number of straight channels, as indicated in Fig. 6 . With each cardiac cycle, the pressure conditions that surround the deep vessels of the heart must fluctuate through a wide range. It is obvious that there is likewise a wide variation in the conditions of blood flow in them. During diastole, the intramural pressure is low and we may suppose that the deep myocardial arteries are charged with blood, under the influence of the diastolic pressure in the main coronary arteries. The commencement of systole presumably finds these deep vessels turgid with blood. To some extent myocardial contraction may assist in pulsing the blood in its forward course from capillaries to veins; but in the larger vessels composing the subendocardial network, and in other deeply placed arterial branches, the situation may well be different.
When the heart muscle contracts, the turgid subendocardial vessels must inevitably be compressed, either between groups of muscle fibres or between the muscle and the contents of the ventricular cavity. One may suppose that with the onset of systole the blood contained in the subendocardial 'reservoir' will seek such natural exit as may be available. One likely route of escape is towards the arteries on the surface of the heart. This will, of course, involve reversal of flow. I have confirmed that anatomical channels through which the subendocardial reservoir may readily empty itself in this fashion do in fact exist (Fulton, 1961a) In regard to the first of these, the evidence of electrocardiography indicates that the wave of contraction travels from the deeper layers of the ventricles to the surface. Accordingly, those portions of a myocardial vessel that are deeply situated will be compressed before its more superficially placed portions. Admittedly the time interval is very brief but it is not necessarily negligible.
More important, however, is the convincing work of Johnson and Di Palma (1939) who demonstrated a gradient of pressure within the myocardium of the left ventricle of the cat. They found that the inner layers of the left ventricle developed a pressure at the height of systole, which was in excess of the aortic pressure and therefore of the coronary systolic pressure; whereas the pressure in the superficial layers was much lower and was usually less than the aortic pressure. These findings are fully compatible with established views on cardiac dynamics: both in its direction and its pressure gradient, a wave of compression favours coronary blood flow from the deeper layers towards the surface of the heart.
The arrival from the aorta of the systolic pulse wave in the coronary arteries is the only available force that can resist this outward flow from the deeper vessels. There will, of course, be a short interval of time during and immediately after the isometric phase of ventricular contraction when the outward flow of blood will be opposed. This interval ends with the arrival of the systolic pulse. Nevertheless, since the pressure at the height of systole is higher in the deeper layers of the myocardium than in the coronary arteries, it is likely that outward flow from the subendocardial 'reservoir' continues until it is emptied of blood. On the other hand, experimental evidence suggests that blood enters the vessels of the superficial layers of the left ventricle during the course of ventricular systole. Accordingly it may be supposed that outward flow may be halted or reversed at this level. With the onset of diastole the deep vessels again fill and become turgid, ready for compression to reverse the flow during the next systolic contraction. Now, in the presence of obstruction to a coronary artery, the arrival of the systolic pulse in the epicardial vessels distal to the obstruction will be delayed for a longer time than in regions with a healthy arterial supply; and the pressure will be lower. These circumstances are probably of paramount importance in the production of the anastomotic patterns seen in the depths of the myocardium in coronary artery disease. For such conditions will favour a larger and more complete emptying flow from the subendocardial plexus in the region of ischemia than at other parts. Moreover, since the subendocardial vessels are intercommunicating, blood from all parts of the 'reservoir' may seek exit into the relatively low pressure area distal to the arterial occlusion. If this is in fact the case, the relatively extensive nature of the changes found in the deeper vessels in the presence of localized ischemia is explained.
The situation in generalized myocardial ischemia with universal involvement of the deep plexus has probably essentially similar origins. Initially it is likely that differential pressure gradients exist between different sectors of the deep plexus and promote its enlargement. By the time severe obliterative disease has overtaken most of the major coronary branches on the surface of the heart, the pressure gradients in the deep vessels may well have undergone several changes of direction. Evidence has been presented that myocardial ischemia in these cases was evenly distributed in the deeper layers of the left ventricle (Fulton, 1956 ). This does not mean that the conditions of blood flow in the deep plexus were likewise equitable. On the contrary, an even distribution of blood throughout the deep network, which may be fed mainly at one or two points, would call for intrinsic conditions of blood flow far from sluggish.
Moreover, it is likely that the differential pressure between the left ventricular cavity and epicardial coronary arteries distal to occlusions, where most or all major vessels have been compromised by disease, is greater than in the normal state;
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The foregoing description has envisaged ebb- yes sis ratherlng the normal subendocardial plexus is rather larger than that of the myocardial vessels that supply it. It is tempting to correlate the slight increase in lumen diameter of these vessels with increased movement of blood within them. In the abnormal heart the position is on more secure ground, because of the gross nature of the changes. When the deep plexus of the left ventricle is seen in a greatly dilated state, it is easier to accept that increased movement of blood should determine the enlargement of the vessels that compose it.
The greater the ebb-flow, the greater is the stimulus to further vascular enlargement. Conversely, the greater the vascular dilatation, the greater will be the volume of the subendocardial 'reservoir', and in turn the greater the volume of ebb-and-flow possible. In this way a cycle may be set up. As the movement of the blood is of to-and-fro character, the occurrence of increased movement of blood is compatible with diminished effective flow. In this concept may lie the explanation of the paradox of dilated arteries in an area of ischemia.
CORRELATION WITH EXPERIMENTAL EVIDENCE
The interpretation of phasic coronary arterial flow within the myocardium that I have outlined could be, and was in fact, reached through seeking correlation between structure and function, when contemplating the significance of the detailed changes in the deep vessels of the heart.
The conditions of phasic blood flow in these deep vessels may also be inferred from experimental observations on blood flow in the major coronary arteries on the surface of the beating heart. My own deductions are in accord with the experimental findings of a number of workers, whose observations on coronary blood flow are summarized by Wiggers (1949), Blumgart et al. (1950) , and by Gregg (1950) (Chapter 5) . In Gregg's Fig. 39 (Fig. 7) may be seen illustration of the abrupt reduction in, and finally reversal of, left coronary flow rate during and shortly after the isometric phase of ventricular contraction. The close relation which this curve bears to cardiac contraction is entirely in keeping with regurgitant flow from the myocardial into the epicardial vessels. By the same token, it is unlikely that back flow in the coronary arteries is simply a rebound phenomenon.
Further, it is highly significant that the curves obtained of right coronary phasic flow are of much smaller amplitude and do not show reversal of flow (Gregg, 1950) . This is in keeping with the much lower intramural pressure obtaining in the right ventricle during systole than in the right coronary artery at any phase of the cardiac cycle. Observations on coronary arterial pressure tracings distal to experimentally-created occlusion (Wiggers, 1950) are also in keeping with this concept.
From the available experimental evidence Gregg (1950) writes "During isometric contraction and early injection, the blood in the deeper lying and more strongly compressed coronary vessels is forced backward into the larger proximal channels and, by thus contributing to the supply of blood available for the less strongly compressed and more superficial vessels, reduces the inflow from the aorta." My own observations add little to this concept of normal conditions of coronary blood flow-which also depends on inference-save confirmation from a structural standpoint. I have, however, tried to correlate pathological changes of calibre in the deep vessels with abnormal conditions of blood flow in the walls of the left ventricle; and to find an explanation in terms of causal relationship between altered function and structure. These observations have also provided a better understanding of the conditions of deep blood flow likely to exist in the normal heart. SUMMARY A series of 59 human hearts was examined by a method based on stereo-arteriography: 25 had advanced coronary artery disease.
The arteriographic evidence indicated that the common factor in the promotion of anastomotic enlargement was the presence of conditions favouring differential blood flow between branches of the coronary arteries. Observations are illustrated with examples. It was also evident that the hcmodynamic stimulus to enlargement of anastomoses was operative, not only in areas rendered ischvmic by coronary artery obstruction but also in those well-provided neighbouring arterial territories through which the collateral blood flow had coursed. The apparently paradoxical dilatation of the deep anastomoses of the left ventricle in conditions of severe and widespread obstruction to the entry of blood into the coronary circulation is explained in terms of increased ebb-and-flow movement of blood in these vessels.
The conditions governing phasic blood flow in the depths of the left ventricle are discussed. The concepts derived from animal experiments are correlated with the structural findings of arteriography. In turn, inference on conditions of blood flow in the deeper layers of the heart muscle are advanced on a basis of adaptive changes in the channels that had carried that flow in life. Conditions of blood flow are considered under normal circumstances and in the presence of coronary artery obstruction. 
